Abstract-This paper presents an overview of the widely used conventional linear actuator technologies and existing electroactive polymer-based linear and rotary actuators. It also provides the conceptual, control, and driver design considerations for a new dielectric electroactive polymer (DEAP)-based incremental actuator. The DEAP incremental actuator consists of three independent DEAP actuators with a unique cylindrical design that potentially simplifies mass production and scalability compared to existing DEAP actuators. To accomplish the incremental motion, a highvoltage (HV) bidirectional dc-dc converter independently charges and discharges each capacitive DEAP actuator. The topology used for the HV driver is a peak current controlled bidirectional flyback converter. The scalability of the proposed DEAP incremental actuator is discussed, and different scaled designs are provided. The estimated speeds and forces for various scaled incremental actuator designs are provided. The HV drivers are experimentally tested with a prototype of the DEAP incremental actuator. The energy efficiency measurement results of one of the HV driver are presented. The DEAP incremental actuator prototype achieved bidirectional motion with a maximum velocity of 1.5 mm/s, at 2.87 Hz incremental driving frequency, when all actuators are driven with 1.8 kV. Finally, two new improved concepts of DEAP-based incremental actuator are presented.
(e.g., cranes) to small-scale microelectromechanical system (MEMS) devices used for micropositioning. Linear actuators are typically characterized by their maximum stroke length, force, speed, and precision (or resolution). The typical linear actuators include electromechanical, hydraulic, pneumatic, piezo, electroactive polymer (EAP), etc.
An electromechanical linear actuator [1] uses a DC motor or a stepper motor to control a linear-action shaft output. Its advantages are high force, high speed, and high precision, and disadvantages are mechanical complexity, heavy weight and size, and high cost. A pneumatic linear actuator [2] operates with an external source of compressed air. It generates precise motion, but relatively complex to control via pressure valves and compressor manipulation. A hydraulic linear actuator [3] requires an external source for fluid pressurization. Hydraulic actuators not only allow the generation of large forces but also capable of closed-loop velocity controlling or highly precise positioning of heavy loads. Its control is complex, involving compressor and hydraulic valves. A piezoactuator [4] converts electrical energy directly into mechanical energy and vice versa. Besides a higher resolution, the piezoactuators have other advantages such as small size, light weight, operation under magnetic fields, low energy consumption, and low wear and tear. The disadvantages are high cost, low shock robustness, and requirement of high driving voltage [5] .
The aforementioned standard linear actuators are mechanically complex systems. The stroke of these actuators is limited to their initial geometrical dimensions. This inherent characteristic limits their use in applications requiring large stroke and small-size actuators. This motivates the research toward actuators based on novel smart materials. Incremental actuators are an alternative design to potentially overcome these limitations by providing an inchworm-like actuation. Dielectric electroactive polymer (DEAP) [6] [7] [8] [9] [10] [11] due to its unique properties such as high flexibility (100,000 times less stiff than steel), large strain, high speed, and low weight (seven times lighter than steel) can potentially provide novel incremental actuator solutions. The DEAP incremental actuator technology can be used in various challenging industries such as, automotive, space, and medical. Table I provides a comparison of the DEAP technology with piezo and pneumatic actuator technologies, and electromechanical motors. To summarize, the DEAP incremental actuator technology has lower force density but has the potential for higher strain, better energy efficiency, and higher structural flexibility and robustness compared to other technologies. The DEAP technology is an [14] . A robotic inchworm in [14] uses electrostatic clamps which enable it to travel over both vertical and horizontal surfaces, for tasks such as inspection in narrow pipes, etc. A rotary motor made with a pair of bow-tie elastomer actuators, with an output power of 4 W at 100 r/min has been demonstrated in [14] . A segmented DEdriven inchworm concept has been described in [15] . Each segment consists of a single tube, two DE membranes, and a coupling fluid. The walking robot using a multifunctional electroelastomer spring roll as each of the robot's six legs is provided in [16] . Each spring roll leg was a linear actuator, with 3-6 mm stroke at 1-10 Hz frequency. The emerging DE technology has been thoroughly reviewed and presented exciting possibilities across a wide range of applications including soft robotics [17] . An earthworm robot has been made using a novel soft actuator based on a DE. It has been demonstrated that the actuator moved with 1 mm/s at 5 Hz [18] . A simple rotary motor based on DEs has been proposed in [19] . A new way to achieve the rotary motion using the DEAP actuators has been reported in [20] .
The proposed incremental actuator concepts based on DEAP are aimed to produce a linear motion. Two types of incremental motion namely pusher and walker are identified for the DEAPbased incremental actuators. In pusher mode, the actuator is stationary and pushes an external system incrementally, while in walker mode, the actuator itself moves on a stationary surface or cavity. The generic concept of an incremental actuator is an assembly of submechanism capable of gripping, releasing, and extending. The concept 1 DEAP incremental actuator proposed in [21] consists of two grippers at both ends (to enable gripping operation) and an extender (to move the grippers) as shown in Fig. 1 . Each gripper and an extender are made using an axial DEAP actuator. Simple design, low noise operation, high energy efficiency, and low cost are the key advantages of the DEAPbased incremental actuators compared to the conventional linear incremental actuators or other sliding DE actuators.
Driving a DEAP, incremental actuator has three main challenges from a power electronics perspective. First, it requires high voltages (HVs) (2-2.5 kV) to generate sufficient force and stroke from each axial DEAP actuator. Suitable energy sources [21] , [41] .
for this application are lithium batteries with a voltage range of 9-24 V dc. This necessitates the need of HV step-up circuits as a driving mechanism for the DEAP incremental actuator. Second, DEAP actuators convert only a small fraction of the input electrical energy into mechanical work, while they store the remainder in the capacitive structure of the actuator, and must be recovered to maximize the system efficiency. This necessitates the need of bidirectional converters [22] [23] [24] . Finally, to move the DEAP incremental actuator with a given speed and direction, the three DEAP actuators need to be driven by a specific sequence of HV signals.
The magnetic transformer-based flyback converter is suitable for HV and low-power applications due to its simple structure and low component count [25] . HV switch-mode power supplies for charging the capacitive loads have been implemented in [26] and [27] . The bidirectional flyback converters are proposed in [28] [29] [30] to transfer the power in both directions. However, those topologies cannot be directly used for charging and discharging a capacitive load at HV (2.5 kV). Prior work on the HV drivers for the DEAP actuators demonstrated a low-voltage piezoelectric transformer-based DEAP solution, and it was incorporated into a coreless DEAP actuator [31] and a modified bidirectional flyback converter topology to drive the PolyPower Push Inlastor DEAP actuator [32] , [33] . The flyback transformer is the most critical component in the HV flyback converter. Selecting the best transformer winding architecture (TWA) and optimizing the HV transformer using it, would lead to an improved energy efficiency of the HV converter. In [34] , an efficiency optimization technique is proposed for a bidirectional flyback converter. Several HV TWAs have been investigated in [35] . Control algorithms for optimal flyback charging of a capacitive load have been proposed in [36] , which focuses mainly on minimizing the conduction losses in the converter. Digital control of the bidirectional flyback converter is proposed in [37] for improving energy efficiency and the charge and discharge speed (driving frequency) of the incremental motor. Intelligent control of EAP actuators based on fuzzy and neurofuzzy methodologies is proposed in [38] . An experimental study of DEAP actuator energy conversion efficiency is performed in [39] . Geometry optimization of tubular DE actuators with anisotropic metallic electrodes is discussed in [40] . The detailed actuator design, HV power electronics, and practical implementation for inchworm actuators are not properly discussed in the literature.
The objectives of this paper are to provide the conceptual design and scalability of the axial DEAP actuators used in the DEAP-based incremental motor and to test the proposed DEAP incremental actuators with the necessary control and HV driving circuits. This paper is organized as follows: Following the introduction, Section II discusses the conceptual design of an axial DEAP actuator, followed by the scalability of DEAP actuators in Section III. Section IV describes the basic idea and operational diagrams of the proposed DEAP incremental actuator concept. Section V presents HV driving circuits for the DEAP incremental actuator, the experimental results, and the system integration results. Section VI describes the two improved DEAP incremental actuator concepts. Finally, Section VII concludes this paper.
II. CONCEPTUAL DESIGN OF AN AXIAL DEAP ACTUATOR
An axial DEAP actuator is a tubular structure being formed by rolling a DEAP sheet as shown in Fig. 2 (a) and (b). The main Fig. 2 (c), only one of the DE sheets of a DE laminate is metallized at either lateral end to the left and to the right. This is to realize a safe electrical connection in the actuator by avoiding short circuiting. Some of the design parameters are assumed before the design and the remaining parameters are calculated using the known parameters. The mechanical and electrical constants of the actuator are provided in Table II . The capacitance of the DEAP actuator at no applied voltage is given by
where ε 0 and ε r are the electrical permittivities of vacuum and dielectric material, respectively, W is the total width of the rolled DEAP sheet, and d 0 is the thickness of the polymer film at no applied voltage. The number of laminate layers n l is calculated using the following expression:
The outer diameter of the rolled DEAP actuator is given by
The cross-sectional area of the active material is given by
The total volume of the polymer material is given by
The equation governing the electrostatic F Electrostatic , elastic F Elastic , and load forces F load in a DEAP actuator system as shown in Fig. 3 during the static operation is given by Equation (6) can be simplified as [6] , [42] , [43] 
where V DEAP is the applied voltage to the DEAP actuator, α represents the stretch (elongation) ratio and is defined as, α = 1 + s, where s is the strain in the compliant direction, and C 1 + C 2 is the sum of Mooney constants for the transducer with
and Y t is the Young's modulus of the transducer. The stroke of DEAP actuator is sH a . The influence of passive ends has been ignored, as the displacement between passive ends and active area is much smaller than the stroke of the transducer.
The output force of the DEAP actuator is given by
Since the displacement between the active and passive areas is limited, so we could assume that they are linear material, and the passive area has the same modulus of elasticity as that of the active area. In the equilibrium position, the stress on the passive area should be equal to the stress of the active area, therefore
where ΔL is the displacement between the active and passive ends. The displacement ΔL is given by
Blocking force can be reduced by the passive ends of the transducer due to the displacement between the passive and active areas. The blocking force is given by the following expression: 
The operating region of an axial DEAP actuator can be represented by the relationship between its force, stroke, and applied voltage (or electric field strength). The force-stroke, strokevoltage, and force-electric field strength characteristics of the axial DEAP actuator which is designed above, are shown in Figs. 4-6, respectively. As shown in Fig. 4 , to achieve a certain stroke, the output force of the actuator decreases with the applied voltage. Also, for a given applied voltage, the output force drops as the actuator elongates. The variation of the stroke and strain of the DEAP actuator as a function of the applied voltage is provided in Fig. 5 . The measured stroke of the DEAP actuator is also provided in Fig. 5 . The calculated blocking force of the actuator with and without passive ends and the measured blocking force are provided in Fig. 6 . From Fig. 6 , it is clear that the blocking force is less for the actuator which has passive ends, compared to the actuator without passive ends.
III. SCALABILITY OF DEAP ACTUATORS
One of the unique features of the DEAP actuator elements is their ease of scaling. DEAP actuator elements can be scaled up, to provide larger actuation forces by increasing the crosssectional areas as shown in Figs. 7 and 8, i.e., rolling more DEAP material. Similarly, DEAP actuator elements can be scaled up easily to provide larger actuation stroke by increasing the length of the DEAP actuator element. The upscaling can also be achieved by connecting multiple actuator elements in series or parallel resulting in larger stroke or force, respectively.
To investigate the scalability of the DEAP incremental actuator, three designs as shown in Table III are considered. The reference actuator design parameters are provided in Table II . In the scaled design 1, the actuator's height is reduced by ten times by keeping the area of cross section same as that of the reference design. In the scaled design 2, the area of the cross section of the actuator is reduced by ten times by keeping its length the same as the reference. The scaled design 3 is made by reducing both the actuator's length and its area of cross section by ten times. The characteristics of scaled designs 1 and 2 are shown in Fig. 9(a)-(d) , respectively. Similarly, the characteristics of scaled design 3 are provided in Fig. 9(e) . For the scaled design 1, since the actuator's length is reduced by ten times, the stroke as shown in Fig. 9(a) is very low, even at 2 kV. Since the area of cross section is not changed, the output force is not reduced as shown in Fig. 9(b) . For the scaled design 2, since the area of cross section is reduced by ten times, the output force is Fig. 9(c) , but the stroke remains the same as the reference design. The blocking force is also reduced for the scaled design 2, as shown in Fig. 9(d) . Similarly, for the scaled design 3, the force-stroke characteristics are shown in Fig. 9(e) , in which the stroke and force both are reduced. In Fig. 9(e) , the actuator when driven with 1.8 kV can only produce 1 N output force for a stroke of 0.05 mm.
IV. CONTROL OF INCREMENTAL MOTOR
The control (or driving) sequence for concept 1 of the incremental actuator is provided in this section. The concept 1 consists of three axial DEAP actuators (one extender and two grippers). The incremental actuation sequence and the driving voltage waveforms for the grippers and the extender are shown in Figs. 10 and 11, respectively [21] . Each gripper is connected to mechanical supports on either side. It expands and clamps to the guiding bar (e.g., a rod) surface when charged (with HV), and unfastens from it when discharged. The extender expands axially along the guiding bar. During the operation, one gripper holds the guiding bar, while the other gripper is in a released position. The extender either pushes or pulls the released gripper. The incremental actuator performs six different steps to achieve a single incremental actuation stroke Δx as shown in Fig. 10 . In  Fig. 11, V ch1 , V ch2 , . . . , V ch6 are the enable signals for the gate drivers of the three HV dc-dc converters, respectively, and V A 1 , V A 2 , and V A 3 are the voltages across the DEAP actuators A 1 , A 2 , and A 3 , respectively.
A. Moving Sequence for the Linear Incremental Motion
Toward the Positive x-Axis Direction 1) Start: All actuators are in the discharged state.
2)
Step 0 (S 0 ): A 1 is charged and clamps to the guiding bar.
A 2 and A 3 are in the discharged state.
3)
Step 1 (S 1 ): A 1 remains in the charged state. A 2 is charged and pushes the mechanical structure toward right, and A 3 remains in the discharged state.
4)
Step 2 (S 2 ): A 1 and A 2 still remain in the charged state.
A 3 is charged.
5)
Step 3 (S 3 ): A 1 is discharged and is in the release position.
A 2 and A 3 still remain in the charged state. 6) Step 4 (S 4 ): A 1 remains in the discharged state. A 2 is discharged, and A 3 remains in the charged state.
7)
Step 5 (S 5 ): A 1 is charged. A 2 remains in the discharged state, and A 3 remains in the charged state. 8)
Step 6 (S 6 ): A 1 remains in the charged state. A 2 remains in the discharged state, and A 3 is discharged. 9) End: All actuators are discharged at the end. 
The
Step 0 is only used for charging the actuator A 1 . The Steps 1-6 (S 1 -S 6 ) repeat for achieving continuous incremental actuation cycles. The End step is used to discharge all actuators.
B. Incremental Driving Frequency
Assuming the same charging T ch and discharging T dch times for all DEAP actuators, the maximum incremental driving frequency Δf increment max or minimum incremental period ΔT increment min is given by The incremental actuator speed can be changed by providing a delay t D between the charge and discharge cycles of actuators A 1 , A 2 , and A 3 . The expression for the incremental driving frequency Δf increment or incremental period ΔT increment is given by
When the DEAP incremental actuator is loaded during the operation, the delay between the steps S 1 and S 2 can be skipped. This can prevent pulling of the incremental actuator by the load when actuator A 2 is charged.
C. Velocity Estimation for the Scaled Actuator Designs
It is very interesting to estimate the velocity of the DEAP incremental actuator for all scaled axial DEAP actuators. Fig. 12 provides the estimated velocity as a function of the incremental drive frequency [see (13) ] for all designs discussed in Sections II and III. The viscous effects of the polymer material have been neglected. The speed of the incremental motor for the reference and each scaled design is estimated when all actuators are driven with 1.8 kV. In order to make a fair comparison among all scaled actuator designs, the speed for each scaled actuator is estimated for the same output force of 1 N, and compared with the reference design with 1 and 10 N output forces. For the reference design to produce an output force of 1 and 10 N, the velocity of the actuator varies between 1.6-3 mm/s and 0.8-1.4 mm/s, respectively, as shown in Fig. 12 . For the scaled design 1, the velocity changes between 0.31 and 2.61 mm/s. Similarly, for the scaled design 2, the velocity varies between 1.5 and 12.4 mm/s. Finally, for the scaled design 3, the velocity changes between 0.16 and 5.2 mm/s. Compared to the reference design (with 1 N output force), the scaled designs 1, 2, and 3 produce relatively the same maximum speed, very high maximum speed, and slightly high maximum speed, respectively. The drive frequency for all scaled designs is not the same, since the scaled DEAP actuators' capacitances are different. The simulated charge and discharge times for the reference and scaled designs with capacitances 400, 40, and 4 nF are 21 ms, 2.1 ms, and 240 μs, and 36 ms, 3.6 ms, and 360 μs, respectively. The delay times (t D ) used for the calculation of the driving frequency for each design are 1, 2, 5, 10, 20, 30, 40, and 50 ms, respectively.
The performance specifications of the several designed incremental motors (at an applied voltage of 1.8 kV) are summarized in Table IV . The reference design (with 1 N output force) has the highest volume and maximum resolution. The scaled design 3 has the lowest volume and minimum resolution. The scaled designs 1 and 2 have same volume. Nevertheless, scaled design 2 has higher resolution compared to the scaled design 1. The scaled design 2 produces maximum velocity among all designs. The resolution is the stroke of an extender in a single incremental step. The measured velocity of the incremental motor can be found in Table VI .
V. POWER ELECTRONICS

A. HV Drivers
The complete circuit diagram of the DEAP incremental actuator driven by three bidirectional HV dc-dc converters is provided in [21] . The topology is a peak current controlled bidirectional flyback converter. Three bidirectional flyback converters are powered by the same source. Each converter independently controls the charge and discharge operations of the three axial DEAP actuators (two grippers and an extender) in the DEAP incremental actuator.
Three HV bidirectional flyback converters are experimentally tested with both film capacitor loads and the DEAP incremental actuator. The picture of the experimental prototype with film capacitor loads is shown in Fig. 13 . The setup of the DEAP incremental actuator with the axial DEAP actuators is shown in Fig. 14 . The converter design specifications are provided in Table V . The capacitance of each film capacitor load shown in Fig. 13 is 200 nF. The capacitance of each axial DEAP actuator in the setup shown in Fig. 14 is 400 nF. The detailed design of the bidirectional flyback converter for driving a capacitive load is discussed in [44] . During charge process, the converter operates in boundary conduction mode, and during discharge process, it operates in discontinuous conduction mode (DCM) using a control IC LT3751 [45] . Practical experience reveals that careful design of the flyback transformer with low leakage inductance and low self-capacitance is required for achieving high energy efficiency at HV bidirectional operation. The HV MOSFET used for this research was IXTV03N400S (4 kV, 300 mA, 290 Ω) [46] . Currently, the available HV MOSFET for this application is IXTA02N450HV (4.5 kV, 200 mA, 750 Ω) [47] . The HV diode used in the converter was SXF6525 (5 kV, 150 mA). Improper HV flyback transformer design may lead to failure of the HV MOSFET during the discharging operation.
B. Energy Efficiency of HV Drivers
The HV drivers as shown in Fig. 13 are not optimized in terms of efficiency. The measured charge and discharge energy efficiencies [32] of one of the HV driver with film capacitor loads (200 nF) are provided in Fig. 15 . The maximum energy efficiency of the converter during charging operation (transferring the input energy to the actuator) is 87%, and during discharging operation (transferring the actuator energy back to the source) is 79%. The discharge energy efficiency is less than the charge energy efficiency, due to very high conduction losses, switching loss due to leakage inductance, and capacitive switching Fig. 16 . Energy efficiency of the optimized HV driver with a 4 kV MOSFET on secondary HV side [37] .
losses of the HV MOSFET. Further research has been conducted to improve the energy efficiencies of HV drivers. The energy efficiency of an optimized HV driver is provided in Fig. 16 . The charge and discharge energy efficiencies of the optimized converter to charge the film capacitive load (400 nF) from 0 V to 2.5 kV and vice versa are 89% and 84%, respectively.
C. System Integration
The integrated system of concept 1 incremental actuator as shown in Fig. 14 has been tested for its variable speed and repeatability. Hundred increments are generated using the digital controller, and the total displacement and the travel time are recorded. The maximum applied voltage is fixed to 1.8 kV to avoid any potential damage to the transducers. Table VI provides the acquired data of the experiments. It can be seen from Table VI that the system has a repeatability within 5% (of stroke) for different speeds. The DEAP incremental actuator achieved a maximum speed of 1.5 mm/s for a travel distance of 39 mm.
D. Discussion
The DEAP incremental actuator technology has the potential to be used in various challenging applications. For using the DEAP actuators in such applications, the HV drivers should have a low volume to fit inside or above the actuators. The overall energy efficiency of the battery-powered HV driver influences the distance traveled by the incremental actuator. Hence, for DEAP actuator applications, both volume and energy efficiency of HV drivers are extremely important and need to be optimized. From Fig. 16 , it is clear that to charge the DEAP actuator from 0 V to 2.5 kV, only 11% input energy has been lost, and to discharge the DEAP actuator from 2.5 kV to 0 V, 16% remaining energy in the actuator has been lost. Therefore, an overall 25.2% input energy has been lost in a single charge and discharge switching cycle. When the driving voltage is lower than 2.5 kV, the energy loss will be much lower. This is a clear indication that DEAP can compete with the conventional actuator technologies in terms of energy efficiency. With a DEAP actuator, it is possible to hold/grip the position without loss of energy. Nevertheless, stepper motors would require constant current to do the same. The series resistance of DEAP actuators is very low (∼5-10 Ω), which is of the same order of the flyback transformer secondary HV side resistance. The parallel resistance of DEAP actuators is very high (∼10-20 GΩ), due to which the output voltage discharge during the charge or delay process is very slow. Using the proposed charge and discharge control schemes, the charge or energy has not been dumped by the actuator, instead it was recycled in every incremental cycle. Transferring an electrical energy between two DE actuators has been discussed in [48] . For the proposed DEAP incremental actuator, only a single axial DEAP actuator is either charged or discharged in any one of the six incremental actuation steps. Hence, the energy stored in all three actuators in the DEAP incremental motor is transferred to the single energy source, which makes the DEAP-based incremental motor system more efficient.
VI. IMPROVED CONCEPTS OF DEAP INCREMENTAL ACTUATORS
The concept 1 incremental motor is bulky. Therefore, two new concepts (2 and 3) of DEAP incremental actuator with better compactness are provided in this section. Each concept has its unique characteristics which can demonstrate various unique properties of DEAP.
A. Concept 2
Concept 2 is proposed for operating outside or inside a cylindrical bar. Fig. 17(a) demonstrates the concept 2 of the incremental actuator for crawling on the top of a cylindrical bar. It consists of three subcomponents, namely one extender and two grippers at either end. The corrugation profiles of the extender and the grippers are 90°shifted. When in operation, one gripper holds the bar, while the other gripper is in the released position. The extender either pushes or pulls the released gripper. The grippers are rolled on a core with radial tension. Rigid mechanical connections are subsequently applied. The extender subcomponent can be realized by simply using a cylindrical actuator. The grippers and the extender are joined by gluing or screwing their mechanical connections together (green plates in Fig. 17(a) ). Mechanical constrainers can be applied to the grippers in order to avoid the axial extension of the grippers when in operation. Such constrainers enable the gripper to exhibit only radial movements. Soft encapsulation for protection and/or aesthetics can be applied as shown in Fig. 17(b) . Fig. 17(c) shows the concept 2 of the incremental actuator for crawling inside a cylindrical tube. It also consists of one extender and two grippers on either end. Both the grippers and the extender are cylindrical actuators. Additional gripping mechanisms are applied to the grippers (red structures in Fig. 17(c) ). The gripping mechanism extends or contracts radially when the grippers are contracted or extended axially, respectively, as illustrated by the arrows in Fig. 17(c) . The extender either pushes or pulls the contracted gripper. The arrows in the middle actuator indicate the expansion force. All three actuators provide an axial expansion force, while the grippers translate the axial expansion force to a radial grip/release. The middle actuator uses the axial expansion force to axial elongation, i.e., the stroke of the incremental actuator system. The three cylindrical actuators are joined together at their mechanical connections, by gluing or screws. Fig. 17(d) illustrates a full view of the incremental actuator for moving inside a tube.
B. Concept 3
The concept 3 as shown in Fig. 18(a) is based on three DEAPs in an axial configuration. It consists of one extender and two blocking DEAPs. When the blocking DEAP is extended, the wedges are driven toward the guide rod, thereby creates a blocking force. Here, three cylindrical transducers are used to facilitate the incremental motion. The outer two actuators are equipped with auxiliary mechanics such that the axial elongation of those transducers is transformed into a radial gripping on the pipe; hence, these two actuators are conceptually designed to perform the gripping operation. The middle transducer is intended to be the extender/translator actuator. Auxiliary mechanics as shown in Fig. 18(b) and (c) are attached to the transducer enabling them to grip, release, and extend on a solid rod. The concept 3 mechanical system has been fabricated in Danfoss PolyPower. The transducers were mounted with the auxiliary mechanics and installed on the guiding rod. The rod was fixed on a table in horizontal position. Fig. 19 shows the integrated mechanical system with transducers being installed. In order to prevent an electrical breakdown in the actuator, the experiments were performed for lower electrical field, i.e., 30 V/μm, while the maximum allowable electric field for the used DEAP material is 50 V/μm. After the first set of experiments with the same HV drivers used for concept 1, one of the actuator failed due to an electrical breakdown at 30 V/μm. After an investigation of the actuator, it was observed that the DEAP film had been burned severely in a local spot and damaged the actuator. The actuator was replaced with the reserved actuator and the experiments were repeated. However, the second actuator got the same defects. Based on the failures in the actuator and the fact that no further actuator prototyping was possible in Danfoss PolyPower due to its shutdown, it was not possible to continue with system tests and as such the test campaign of concept 3 was terminated.
VII. CONCLUSION
A brief overview of the widely used conventional linear actuator technologies, and their advantages and disadvantages are discussed. An overview of the EAP-based crawling, linear, and rotary motors is provided. A new incremental actuator based on DEAP is proposed. The conceptual design of an axial DEAP actuator is discussed. Several characteristics of an axial DEAP actuator are provided and compared with the prototype measurements. The characteristics of different scaled DEAP actuator designs are discussed. The estimated velocities and output forces for all scaled incremental motor designs are provided. The basic operation and control patterns of the proposed DEAP incremental actuator concept are explained. The HV bidirectional dc-dc converters and their design for driving the DEAP incremental motor have been discussed. Energy efficiency measurement results are provided for the nonoptimized and optimized HV drivers. The high energy efficiency of the optimized dc-dc converter shows promising advantages for the DEAP incremental motor compared with the conventional actuator technologies.
The proposed DEAP incremental actuator concept has been designed, built, and tested. It is demonstrated that the DEAP is feasible for providing incremental motion with variable speed and bidirectional (forward and reverse) motion. The DEAP incremental actuator prototype moved with a maximum velocity of 1.5 mm/s, at 2.87 Hz incremental driving frequency, when all actuators are driven at 1.8 kV. However, it is expected that the maximum speed of the same incremental motor could rise to 3 mm/s when all actuators would be driven at 2.4 kV. Furthermore, the incremental driving frequency is expected to increase three to four times with improved polymer material within three to five years. Two new concepts of DEAP incremental actuators are proposed, and their unique features are explained. The concept 2 is proposed for incremental motion inside or outside cylindrical tubes, and the concept 3 is proposed for incremental motion on both straight and curved guides with better compactness. The concepts 2 and 3 incremental actuators are aimed for better performance compared to the concept 1 prototype. The concept 3 has been tested and unfortunately failed. Nevertheless, more research work needs to be conducted to obtain excellent performance results, in order to compete with the conventional linear and/or EAP actuators. In conclusion, the incremental actuators based on DEAP are promising, and they will have numerous applications when a reliable and low-cost polymer material can be produced.
